Neuropsychiatric disease is one of the most common manifestations of human systemic lupus erythematosus, but the mechanisms remain poorly understood. In human brain microvascular endothelial cells in vitro, TNF-like weak inducer of apoptosis (TWEAK) decreases tight junction ZO-1 expression and increases the permeability of monolayer cell cultures. Furthermore, knockout (KO) of the TWEAK receptor, Fn14, in the MRL/lpr lupus mouse strain markedly attenuates neuropsychiatric disease, as demonstrated by significant reductions in depressive-like behavior and improved cognitive function. The purpose of the present study was to determine the mechanisms by which TWEAK signaling is instrumental in the pathogenesis of neuropsychiatric lupus (NPSLE). Evaluating brain sections of MRL/lpr Fn14WT and Fn14KO mice, we found that Fn14KO mice displayed significantly decreased cellular infiltrates in the choroid plexus. To evaluate the integrity of the blood brain barrier (BBB) in MRL/lpr mice, Western blot for fibronectin, qPCR for iNOS, and immunohistochemical staining for VCAM-1/ICAM-1 were Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by multi-organ damage, frequently involving the skin, kidney, and the brain. Central nervous system (CNS) involvement in lupus, or neuropsychiatric lupus (NPSLE), occurs in up to 40% of SLE patients. Patients with NPSLE can manifest a wide variety of neurological and psychiatric features, ranging from focal to diffuse presentations [1, 2] . Focal disorders include seizure activity and cerebrovascular events, which are often related to anti-phospholipid antibodies (aPL) [3] , and vasculopathy [3, 4] . Diffuse manifestations, including cognitive impairment and mood disorders, are associated with inflammation [2, 3] . The most common manifestations of NPSLE are headache, mood disorders, and cognitive dysfunction, which significantly impair the quality of life and impact the prognosis of affected patients [5] .
The mechanisms underlying NPSLE are not yet fully understood. Nevertheless, vascular abnormalities, autoantibodies, and inflammatory mediators are hypothesized as primary contributing factors [4] . Other studies have suggested a role for blood brain barrier (BBB) disruption [1, [6] [7] [8] and neuronal damage [9] [10] [11] [12] [13] in the pathogenesis of NPSLE. Currently, there is no specific or targeted therapies for NPSLE; most patients receive symptomatic therapy and/or various immunosuppressive agents [4] .
The cytokine TNF-like weak inducer of apoptosis (TWEAK) is a TNF superfamily member that binds to Fn14, its sole known signaling receptor [14, 15] . Fn14 is normally expressed at relatively low levels in healthy tissue. In the brain, Fn14 is found in endothelial cells, astrocytes, neurons, and microglia at baseline, with a further increase in expression following exposure to various inflammatory stimuli [16] . Among the main effects induced by TWEAK and Fn14 interactions are inflammation, and cell death or cell proliferation depending on the particular cell type and cytokine context [17] . TWEAK/Fn14 signaling was found to contribute to the pathogenesis of an ischemic stroke model [18] . Additionally, in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis, blocking TWEAK/Fn14 interactions reduced immune cell infiltration into the CNS and the severity of disease [19] .
The MRL/lpr strain is a well-established murine model for the study of NPSLE [20] . One major advantage of this model is that the neurologic manifestations are quite analogous to those present in human lupus patients, including early onset of disease [20] . In a recent study we found that TWEAK/Fn14 signaling is instrumental in the pathogenesis of murine NPSLE [21] ; Fn14 deficiency attenuates NPSLE in MRL/lpr mice, as Fn14KO mice display significantly less depressive-like behavior and improved cognitive function [21] .
Our aim in the current study was to elucidate the mechanism(s) by which TWEAK signaling is instrumental in the pathogenesis of NPSLE. We focused the investigation on the mechanisms for BBB disruption and neuronal damage, which are regarded as the key pathologic features in the MRL/lpr NPSLE model.
Material and methods

Mice
The detailed approach for generating 129 Fn14KO mice was described previously [20] . MRL/lpr Fn14KO mice were created by backcrossing 129 Fn14KO mice for 9 generations onto the MRL/lpr strain. Female MRL/lpr Fn14KO mice (Biogen Idec, Cambridge, MA) and MRL/lpr Fn14WT littermates derived from these crosses were used in this study in separate cohorts of 15 weeks and 20 weeks of age. Control age and gender matched MRL/MPJ (MPJ) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). For Fc-TWEAK injection experiments, female MRL/lpr mice were purchased from Jackson Laboratory. The animals were handled according to the approved IACUC protocol #20140606 at the Albert Einstein College of Medicine.
Brain histology
Following extensive perfusion with cold PBS, the brain was divided into right and left hemispheres. The right brain hemisphere was used for sagittal paraffin sections. Part of the left brain hemisphere including the hippocampus was used for coronal frozen sections, and the remaining left hemispheric brain tissue was snap-frozen for preparation of brain lysates. Frozen cryostat sections (8 μm thick) were prepared for Fluoro Jade C staining. All other stainings were performed on paraffin-embedded sagittal sections (5 μm thick). For hematoxylin and eosin staining, two sections from each mouse were used to evaluate the cellular infiltration in the brain. The highest scores for each slide were used for the determination of lesion severity. For all other stains, one section from each mouse was analyzed. The histology slides were evaluated by 2 independent examiners.
Hematoxylin and eosin staining
Hematoxylin and eosin (H&E) staining was done by the histopathology core facility at the Albert Einstein College of Medicine. Briefly, 5 μm sagittal brain sections were mounted on Superfrost plus glass slides (Fisher Scientific); 2 sections per brain, 50 μm apart, were collected for evaluation. Slides were stained with H&E and evaluated by a veterinary pathologist. Infiltrates were scored on a scale of 0-4: 0=no lesions; 1=minimal; 2=mild; 3=moderate; and 4=severe.
Immunohistochemistry and immunofluorescence
For immunohistochemical staining of CD3, VCAM-1/ICAM-1, and B220, sections were incubated with the following primary antibodies: rat anti-human CD3 which reacts with mouse CD3 (Serotec, Raleigh, NC), rat anti-mouse VCAM-1 (Santa Cruz, Dallas, TX), rat anti-mouse ICAM-1 (Abcam, Cambridge, MA), and rat anti-mouse CD45R/B220 (BD Pharmingen, San Jose, CA), respectively, followed by a biotinylated secondary antibody (Jackson ImmunoResearch, West Grove, PA). For Ki-67 and Iba-1 staining, sections were individually incubated with rabbit anti-mouse Ki-67 (Vector Labs, Burlingame, CA) and rabbit anti-mouse Iba-1 (WAKO, Richmond, VA), followed by the DakoCytomation Envision+Dual Link System-HRP kit (Dako, Carpentaria, CA). For immunofluorescence staining, sections were incubated with rabbit anti-mouse glial fibrillary acidic protein (GFAP) (Millipore, Billerica, MA), followed by goat anti-rabbit IgG Alexa Fluor 594 (Jackson ImmunoResearch).
Evaluation of BBB permeability after Fc-TWEAK injection in vivo
To evaluate BBB permeability in vivo in response to TWEAK, MRL/lpr Fn14WT and Fn14KO mice were injected with mouse Fc-TWEAK [21] . In the first experiment, MRL/lpr mice (Jackson Laboratories) at 12 weeks of age were injected intravenously with 75 μg of Fc-TWEAK or the P1.17 murine IgG2a isotype control twice a week, for a total of eight injections. In the second experiment, 12 week old MRL/lpr Fn14WT and Fn14KO mice (Biogen Idec) were injected intravenously with 75 μg of Fc-TWEAK twice a week, for a total of eight injections. For both experiments, 24 hours after the last Fc-TWEAK injection, mice were injected with 10 mg dextran-FITC (150 KDa, Sigma, Northbrook, IL) via the tail vein as a tracer for BBB leakage. One hour later, mice were perfused and sacrificed. Brains were homogenized in PBS and centrifuged at 14,000 rpm for 10 minutes. After the first centrifugation, supernatant was separated from the pellets and methanol was added in a ratio of 2:1 (methanol:supernatant). This mixture was again centrifuged at 14,000 rpm for 10 minutes. After a second centrifugation the supernatant was collected, and the fluorescence in the supernatant measured at 485/535 nm.
Real-time qPCR
Cerebral cortexes were dissected from the brains of MRL/lpr Fn14WT and Fn14KO mice at 20 weeks of age. RNA samples were prepared by the RNeasy mini kit (Qiagen, Valencia, CA). cDNA synthesis was carried out using SuperScript III First-Strand Synthesis (Invitrogen, Carlsbad, CA). Real-time qPCR was performed in triplicate. Gene expression was normalized to GAPDH. Fold changes were calculated in reference to MRL/lpr Fn14KO mice, whose mean value was set at 1.
Fluoro Jade C and TUNEL staining
Fluoro Jade C staining was carried out as described previously [22] . Briefly, frozen sections were pretreated with 0.06% potassium permanganate, and then incubated with 0.001% Fluoro Jade C dye (Millipore, PA) in 0.1% acetic acid solution (pH 3.5). For TUNEL staining, an in-situ cell death detection (Fluroscein) kit (Roche, PA) was used. Slides were examined under a fluorescence microscope (Zeiss AxioObserver CLEM) and the number of Fluoro Jade C or TUNEL positive cells was counted in each section.
Caspase-3 activity assay
Tissue caspase-3 activity was analyzed using the caspase-3 DEVD-R110 Fluorometric HTS assay kit and according to the manufacturer's instructions (Biotium, Hayward, CA). Briefly, 70 μg of brain lysates were incubated with the (Ac-DEVD)2-R110 substrate for an hour. Cleavage of the (Ac-DEVD)2-R110 substrate by activated caspase-3 leads to the release of a fluorescent dye (R110), which is then measured at 485/535 nm. Brain lysates from MRL/lpr Fn14WT mice incubated with Ac-DEVO-CHO, a caspase-3 inhibitor, served as the negative control.
Western blot
Brain tissues were lysed in 1 mL RIPA buffer (Cell Signaling, Danvers, MA) with 1 X protease cocktail inhibitor and 1 mM EDTA (Thermo Scientific Pierce, Rockford, IL). Lysates were loaded in NuPAGE Novex 10% Bis-Tris Gels (Invitrogen) and transferred to a PVDF membrane. The membrane was then separately incubated with the primary antibodies rabbit anti-mouse fibronectin (Abcam, Cambridge, MA), rabbit anti-mouse C6 (Santa Cruz), goat anti-mouse C3 (MP Biomedicals, Santa Ana, CA), and rabbit anti-mouse β-actin (Cell Signaling), followed by the corresponding secondary antibody and chemiluminescence substrate (Thermo Scientific Pierce). For IgG detection, the membrane was directly incubated with goat-anti mouse IgG-HRP (Southern Biotech, Birmingham, AL). Quantitation of band densities was performed by Image J, and expressed relative to β-actin.
Object placement (OP) test
Object placement is a cognitive function test used to evaluate spatial memory [23] . Generally, similar to humans, mice have an innate preference to explore novel rather than familiar locations [24] . Briefly, mice were first familiarized with two identical objects in two different locations over 5 minutes. After a 20 minute retention interval outside the arena during which one object was left in its original place while the other object was moved to a new location, the mice were retested for their exploration preference. The preference score (%) of OP was calculated as [exploration time in the novel place]/[exploration time in both places] × 100. The scoring was done manually in a blinded manner.
Statistical analysis
Graphpad Prism 6 software was employed for statistical analysis. Mean ±standard error of the mean (SEM) was used to represent the data in each graph. Differences between two groups were analyzed by an unpaired t test (two tailed). The Chi-square test was employed to compare the incidence of cellular infiltration in the choroid plexus between the experimental groups. P values of less than 0.05 were considered significant.
Results
Fn14 deficiency decreases the incidence and severity of cellular infiltration into the brain of lupus mice
To investigate whether the neurobehavioral differences in emotionality and cognition that were observed between MRL/lpr Fn14WT and Fn14KO mice correlated with histopathological abnormalities, brain sections at 15 and 20 weeks of age were examined. At 15 weeks of age, MRL/lpr Fn14WT mice displayed minimal cellular infiltration, with no significant differences between the MRL/lpr Fn14WT and Fn14KO mice (data not shown).
In contrast, at 20 weeks of age, MRL/lpr Fn14WT mice exhibited significant cellular infiltration, predominantly localized to the subependymal regions and choroid plexus of the third and fourth ventricles with few infiltrates observed also in the brain parenchyma ( Figure  1A ). Ten MRL/lpr Fn14WT brains were evaluated; of these, 9 had lymphocytic subependymal and choroid plexus infiltrates in the third ventricle ( Figure 1B) . Inflammation in the region of the fourth ventricle was present as well, with 5/10 MRL/lpr Fn14WT mice showing lymphocytic infiltrates ( Figure 1B ). In addition, 5/10 MRL/lpr Fn14WT mice had minimal-mild but appreciable choroid plexus cellular hypertrophy, which was concomitant with inflammation (data not shown). In contrast, MRL/lpr Fn14KO mice had a lower incidence of, and less severe, inflammatory infiltrates in the brain, as compared to MRL/lpr Fn14WT mice. Of 8 MRL/lpr Fn14KO mice, only 3 had lymphocytic infiltrates into the choroid plexus associated with the third ventricle, with no inflammation present around the fourth ventricle in any mouse ( Figure 1B ). The total infiltration score (the sum of infiltration scores in the third or fourth ventricle) ( Figure 1C ) indicates a significant reduction in the severity of the infiltration in MRL/lpr Fn14KO mice. The control MRL/MPJ mice had no inflammatory infiltrates in the brain.
Immunohistochemical staining for T cells (CD3), macrophages/microglia (Iba-1), and B cells (B220) was performed to determine the composition of the cellular infiltrates. We found that T cells and Iba-1 + cells (which were morphologically macrophages) were the predominant populations present in the choroid plexus infiltrates (Figure 2A) . Notably, MRL/lpr Fn14KO mice showed significantly reduced infiltration of T cells, macrophages, and B cells ( Figure 2B ).
The role of TWEAK signaling in breakdown of the BBB in MRL/lpr mice
Recent studies suggest that BBB impairment is a key physiopathological feature in NPSLE [1, 7, 8, 22] . Moreover, we had previously reported that MRL/lpr Fn14WT mice have increased albumin and IgG concentrations in the CSF [21] . Increased BBB permeability is associated with the accumulation of extracellular matrix components such as fibronectin and laminin around blood vessels, through extravasation from the plasma and deposition in brain tissue [22] . The following series of experiments was performed to confirm that activation of the TWEAK/Fn14 axis modulates changes in BBB permeability in MRL/lpr mice, and to understand the mechanism. First, Western blotting for fibronectin was performed. We found that fibronectin deposition was significantly reduced in the brain of MRL/lpr Fn14KO mice as compared to MRL/lpr Fn14WT at 20 weeks of age ( Figure 3A) , consistent with improved BBB integrity.
Adhesion molecules play an important role in BBB disruption by facilitating immune cell transmigration, thereby promoting further inflammation in the brain [23] . Previously, we had found that TWEAK upregulates VCAM-1 and ICAM-1 expression in brain microvascular endothelial cells in vitro [24] . To address a possible role for altered adhesion molecule expression in MRL/lpr Fn14WT mice, we investigated brain VCAM-1 and ICAM-1 expression in vivo. Immunohistochemical staining revealed that VCAM-1 and ICAM-1 expression in endothelial cells was prominent in periventricular areas ( Figure 3B ). In contrast, MRL/lpr Fn14KO mice showed significantly decreased VCAM-1 staining, and exhibited similarly diminished ICAM-1 expression ( Figure 3B ).
Inducible nitric oxide synthetase (iNOS) is an important inflammatory mediator of BBB breakdown. Most cytokines that can modulate BBB properties, such as TNF, IL-1β, IFN-γ, and IL-6, are potent iNOS generators [25] . Additionally, Alexander et al reported abundant iNOS production in brains of MRL/lpr mice [26] . To further investigate whether TWEAK/ Fn14 interactions are related to iNOS production in NPSLE, iNOS expression in cortical samples of MRL/lpr Fn14WT and Fn14KO mice was measured by qRT-PCR. As seen in Figure 3C , MRL/lpr Fn14KO mice showed significantly decreased levels of iNOS expression in the cortex.
To establish if the increase in BBB permeability in murine lupus can be directly triggered through TWEAK/Fn14 signaling, Fc-TWEAK was injected intravenously to MRL/lpr mice. We found that MRL/lpr mice treated with Fc-TWEAK had increased brain extravasation of intravenously administered dextran-FITC as compared to control IgG treated mice ( Figure  3D ). Confirming that this effect is indeed mediated by Fn14 and not a contaminant, Fc-TWEAK treated MRL/lpr Fn14WT mice displayed a significant increase in the fluorescence signal found in the brain as compared to Fc-TWEAK treated MRL/lpr Fn14KO mice ( Figure  3E ). Injection of Fc-TWEAK in MRL/lpr Fn14WT mice did not significantly increase Fn14 expression (data not shown). These studies convincingly demonstrate that TWEAK/Fn14 signaling can induce BBB breakdown in the MRL/lpr strain.
Once the BBB is breached, inflammatory mediators may reach the brain parenchyma and activate microglia [27] . In order to evaluate microglial activation in murine lupus brain and study whether Fn14 deficiency may modulate the state of microglial activation, Iba-1 staining was employed. Iba-1 staining was analyzed in cortex, hippocampus, and periventricular areas, since the cortex and hippocampus are related to emotion and cognitive function [28] . However, no significant differences were seen in microglial staining between MRL/lpr Fn14WT and KO mice in all 3 anatomical locations ( Figure 4A-D) . Nevertheless, we observed that in MRL/MPJ mice the most dominant microglial morphology was a highly ramified phenotype, while MRL/lpr Fn14WT and Fn14KO mice exhibited a higher percentage of less ramified and ameboid microglia ( Figure 4A ).
Antibody deposition and complement activation are decreased in brains of MRL/lpr Fn14KO mice
One characteristic feature of lupus is the presence of high titers of serum autoantibodies, many of which are potentially neurotoxic. In the setting of a compromised BBB, these autoantibodies from the periphery can bypass the BBB and deposit in the brain. To establish that a breached BBB in MRL/lpr Fn14WT mice is associated with an increase in brain deposited IgG, Western blotting of brain lysates was performed. Previously, we reported no differences in the concentration of serum IgG autoantibodies and total IgG between MRL/lpr Fn14WT and Fn14KO mice [21] . Nevertheless, MRL/lpr Fn14KO mice exhibited decreased brain IgG deposition ( Figure 5A, B) , which is also supportive of better preserved BBB integrity in this strain.
Antibody deposition and immune complex formation are potent activators of the classical pathway of complement activation, which is initiated by the activation of C1s leading to the cleavage of C4 into C4a and C4b. The binding of C4b and C2b forms C3 convertase which cleaves C3, followed by the assembly of the C5b, C6, C7, C8 and C9 membrane attack complex (MAC), resulting in cell death. Consistent with the decreased brain deposition of IgG seen by Western blot, C3 ( Figure 5A , 5B), C6 ( Figure 5A , 5B, 5C), and C4a ( Figure  5D ) were significantly downregulated in the brains of MRL/lpr Fn14KO mice.
Fn14 deficiency reduces brain apoptosis
One of the most well characterized effects of TWEAK/Fn14 interactions is the induction of apoptosis, which is a predominant feature in the brain of lupus mice [9, 10, 26] . To investigate whether Fn14 deficiency has any effects on brain apoptosis, TUNEL staining was performed at 15 and 20 weeks of age. At 15 weeks of age, very few TUNEL positive cells were observed in the brain of MRL/lpr Fn14WT mice (data not shown). However, at 20 weeks of age, MRL/lpr Fn14WT mice displayed a significant increase in TUNEL positive cells, predominantly within the choroid plexus ( Figure 6A ), and to a lesser degree in the periventricular areas. Quantification of the total number of TUNEL positive cells confirmed that Fn14 deficiency reduced apoptosis in the brain of MRL/lpr mice ( Figure 6B) . Consistent with the results of TUNEL staining, decreased brain caspase-3 activity at 20 weeks of age was observed in MRL/lpr Fn14KO as compared to MRL/lpr Fn14WT mice, further supporting that Fn14 deficiency was associated with attenuated brain apoptosis ( Figure 6C ). TUNEL staining detects apoptosis in all cell types, while Fluoro Jade C, which specifically stains apoptotic and necrotic neurons, is used to selectively evaluate neuronal degeneration. At 15 weeks of age, significantly more Fluoro Jade C positive degenerating neurons, predominantly in the cortex, were present in MRL/lpr Fn14WT as compared to Fn14KO mice ( Figure 6D, 6E) . A few Fluoro Jade C positive neurons were seen in the hippocampus at this time point, with no significant differences between MRL/lpr Fn14WT and Fn14KO mice. However, neuronal degeneration increased with age. At 20 weeks of age, an increased number of degenerating neurons were observed both in MRL/lpr Fn14WT and Fn14KO mice with no significant differences between the strains (data not shown).
Next, in order to investigate whether the increased neuron degeneration in the brains of MRL/lpr Fn14WT mice at 15 weeks of age was due to impaired neurogenesis, Ki-67 staining was performed. The major areas that neurogenesis occurs in murine NPSLE are the hippocampus, rosal migratory stream, and subventricular zone [29] . We found that at 15 weeks of age, there were no significant differences in neurogenesis in these areas among MRL/lpr Fn14WT, MRL/lpr Fn14KO, and MRL/MPJ mice (data not shown).
Fn14 deficiency diminishes hippocampal gliosis
Fn14 deficient MRL/lpr mice have improved cognitive function, especially spatial memory [21] , which is associated with the integrity of hippocampus [30] . Alexander et al previously reported that MRL/lpr mice demonstrated increased hippocampal gliosis (i.e. astrocyte activation/proliferation) [31] . To investigate whether Fn14 deficiency diminishes hippocampal gliosis, GFAP staining was performed. GFAP staining indicated that MRL/lpr Fn14WT mice displayed intense astrocyte activation in the hippocampus, while MRL/lpr Fn14KO mice showed reduced levels of hippocampal gliosis ( Figure 7A, 7B) . To address a possible pathogenic link between hippocampal damage and spatial memory, we compared the scores of hippocampal gliosis to the preference scores in the object placement test in individual mice. Interestingly, the correlation analysis indicated that abnormal spatial memory (lower OP preference scores) significantly correlated with increased hippocampal gliosis ( Figure 7C ).
Discussion
The MRL/lpr strain is one of the most widely used murine models to study NPSLE. Previously, we reported that Fn14 deficiency ameliorated NPSLE in this strain, as demonstrated by diminished depressive-like behavior and preserved cognitive function [21] . However, the mechanisms that contribute to the attenuation of the neuropsychiatric phenotype in MRL/lpr Fn14KO mice needed to be clarified. In this study, we found that prevention of TWEAK/Fn14 signaling in MRL/lpr Fn14KO mice decreased the accumulation of choroid plexus infiltrates, reduced expression of VCAM-1/ICAM-1 and iNOS, and decreased brain apoptosis and neuronal death.
One of the most prominent pathological features found in the brains of MRL/lpr mice is immune cell infiltration. Consistent with previous reports [32] , we found that immune cell infiltration began in the choroid plexus at around 15 weeks of age and became pronounced by 20 weeks of age. Since there is no BBB but rather a blood-CSF barrier in the choroid plexus [33] , local or systemic mediators from the periphery may promote CNS injury by promoting inflammation and/or initiating immune cell entry into the brain through the choroid plexus.
We observed that the brain cellular infiltrates present in MRL/lpr Fn14WT mice were primarily composed of T cells, macrophages, and to a lesser extent B cells. The T cell phenotype of brain infiltrating cells in murine NPSLE has been previously characterized as CD4 + T cells [32] or CD4 − CD8 − double negative T cells [34] . Since Fn14 is inducible in epithelial cells [35] and TWEAK is increased in NPSLE in the CSF [36] , TWEAK may stimulate choroid plexus epithelial cells to secrete chemotactic factors and increase adhesion molecule expression, which can contribute to the recruitment of immune cells across the blood-CSF barrier [40] .
Disruption of the BBB is associated with several non-inflammatory and inflammatory diseases of the CNS. Yepes et al. reported that TWEAK/Fn14 interactions facilitated neutrophil transmigration and increased BBB permeability in an ischemic stroke model [37, 38] . Similarly, Marjaneh et al. suggested that blocking TWEAK/Fn14 interactions attenuated the increase in BBB permeability in EAE [39] . In NPSLE patients, a compromised BBB is evidenced by the increased albumin quotient in the CSF and enhanced gadolinium leakage by MRI [40, 41] . Similarly, in the MRL/lpr mouse model, extravasation of IgG-Alexa Fluor 488 from the plasma into the brain parenchyma and increased fibronectin deposition reflect a disturbed BBB [1, 7, 8] . Our study confirms that Fn14 deficiency preserves BBB integrity in MRL/lpr mice. Additionally, we have conclusively shown here that activation of the TWEAK/Fn14 pathway can directly compromise BBB integrity in the MRL/lpr strain. The increased BBB permeability in Fn14-sufficient lupus mice may due to the decreased expression of tight junction protein ZO-1, upregulated expression of MCP-1, IL-6, and IL-8, and increased ICAM-1 and VCAM-1 expression, as these effects were induced by TWEAK in (non-MRL/lpr-derived) brain microvascular endothelial cells in an in vitro BBB model [24] . Thus, the effects of TWEAK on the BBB are not limited to autoimmune mice. Indeed, Polavarapu et al reported that direct administration of TWEAK into the striatum increased BBB permeability in C57/B6 mice [42] .
We found here that VCAM-1 and ICAM-1 staining of endothelial cells was most intense in the periventricular area, where the BBB is most fragile [43] . T and B cells were also found in the periventricular areas, suggesting a breach of the BBB in this region. Endothelial dysfunction in the periventricular areas may result from the prominent inflammation in the choroid plexus, since these two sites are adjacent to each other.
Microglia play an important role in brain surveillance. With a compromised BBB the brain can be affected by a variety of inflammatory mediators, and thereby microglia can become activated. Although using F4/80 staining Ballok et al found more intense microglial activation in the cortex, hypothalamus, and cerebellum in MRL/lpr as compared to the control MRL/MPJ strain [44] , our study did not find significant differences in microglial activation (as indicated by Iba-1 positivity) among MRL/lpr Fn14WT, MRL/lpr Fn14KO, and MRL/MPJ mice. Nevertheless, while highly ramified microglia regarded as resting or inactive [45] were prominent in MRL/MPJ mice, the less ramified and ameboid phenotype was relatively more abundant in the MRL/lpr strains. The detailed characterization of the specific M1 or M2 microglial phenotype may be helpful in further dissection of the role of microglial activation in this disease.
Autoantibodies play an important role in NPSLE. Kowal et al demonstrated that with a breached BBB, autoantibodies such as anti-NMDA receptor antibodies could reach the brain and bind to hippocampal neurons to induce neuronal death [46] , leading to cognitive impairment. Additionally, injection of anti-ribosomal P antibodies into the brain induces olfactory dysfunction and depressive-like behavior [47] . Autoantibodies can directly deposit in the limbic/olfactory system including the piriform cortex, hippocampus, and cingulate cortex, which have been implicated in mood disorders and cognitive dysfunction [47, 48] . Local complement activation may further augment the inflammatory cascade, ultimately adding to global brain injury and dysfunction. In this study, we focused on complement components previously shown to play a role in the pathogenesis of autoimmune brain disease. C3, C4 and C6 have been implicated in EAE, a model for multiple sclerosis [49] [50] [51] . Moreover, C3 and C4 have been reported to be involved in the pathogenesis of NPSLE [26, 52, 53] . The prerequisite for the entry of autoantibodies into the brain is a compromised BBB; here, we found that Fn14 deficient MRL/lpr mice exhibit less IgG and C3 deposition, which may be due to improved BBB integrity.
Apart from the disruption of the BBB, neuronal damage is another key feature in NPSLE. Consistent with previous studies [9, 10] , we found that MRL/lpr mice displayed increased brain cell death, while in the current study we observed that Fn14 deficiency reduced the number of apoptotic cells and degenerating neurons. The differences in staining between Fluoro Jade C and TUNEL is likely due to the fact that TUNEL positivity is specifically a marker for late apoptosis and in all cell types, while Fluoro Jade C is more selective and targets neurons, both apoptotic and necrotic [9] . In vitro, TWEAK/Fn14 interactions induce neuronal death via the NF-kB signaling pathway [54, 55] .
Another indicator of neuronal damage is astrocyte activation and proliferation, also known as gliosis. Upon activation, astrocytes can produce abundant inflammatory mediators that further injure the surrounding areas in the brain. In vitro, astrocytes upregulate IL-6 and IL-8 following TWEAK stimulation [56] . In our current study, we found that Fn14 deficiency ameliorated hippocampal gliosis in MRL/lpr mice. The hippocampus has a critical role in memory processes, especially in the establishment of spatial learning [57] . Our correlation analysis indicated that the reduced hippocampal gliosis scores in MRL/lpr Fn14KO mice might be responsible for the better preserved cognitive function in this strain.
Conclusions
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